Plants exhibit various defense responses after recognizing elicitor molecules derived from pathogenic microorganisms and host plants. In this study, we developed an improved colorimetric assay for quantifying the generation of H 2 O 2 in plant cells, one of the defense responses, to evaluate elicitor activity quantitatively.
Plants exhibit various defense responses after recognizing elicitor molecules derived from pathogenic microorganisms and host plants. In this study, we developed an improved colorimetric assay for quantifying the generation of H 2 O 2 in plant cells, one of the defense responses, to evaluate elicitor activity quantitatively. H 2 O 2 is detected using a dye, N-(carboxymethylaminocarbonyl)-4,4 0 -bis(dimethylamino)-diphenylamine sodium salt (DA-64), which can be measured by conventional spectrometers in a highly sensitive and quantitative manner. Using this method, we successfully measured the elicitor activity of flagellin-derived peptides in cultured tobacco cells, and identified several structural features of the peptides important for the elicitor activity. The results suggest that the structural factors required for expression of the elicitor activity differ slightly among plant species. The efficient and sensitive assay developed in this study should be useful not only for studying structure-activity relationships, but also for the screening of novel compounds that can induce defense responses.
Key words: plant defense; elicitor; flagellin-derived peptide; oxidative burst; tobacco Plants respond to attack by pathogens through various defense mechanisms including cell wall strengthening, production of phytoalexin, oxidative burst, extracellular alkalinization, ethylene biosynthesis, expression of pathogenesis-related proteins, and hypersensitive cell death. 1, 2) These defense responses are triggered by a variety of molecules derived from pathogenic microorganisms and host plants, which are referred to as elicitors. 3, 4) Recently, several peptides derived from microbial proteins have been shown to act as elicitors. [5] [6] [7] [8] Flg15, a peptide derived from the bacterial protein flagellin, a building block of flagella, was shown to trigger defense responses in plants such as tomato and Arabidopsis thaliana. 7, 9) Flagellin-derived peptides have attracted considerable attention because the system for perceiving these peptides in plants has striking similarities to the innate immune system in animals. 10, 11) Defense responses in plants have been quantitatively monitored to evaluate elicitor activity. Among these responses, extracellular alkalinization has been widely used as an indicator of elicitor activity because the response is rapid and relatively easy to measure using a pH electrode. 7, 12) But measuring the changes in pH in a medium using an electrode is time-consuming. In addition, salts included in the elicitor sample can affect the measurement.
The rapid generation of H 2 O 2 and other reactive oxygen species, also known as a oxidative burst, is another important feature of the responses to invading pathogens.
13) H 2 O 2 has been reported to play not only a direct role in the cross-linking of cell wall proteins 14) and in the killing of invading pathogens, 15) but also a role in the signal transduction to activate defense responses, including hypersensitive cell death. 16) Various methods have been used to measure the amount of H 2 O 2 generated in plant cells during an oxidative burst. The luminol-dependent chemiluminescence method is often used for such measurements, [17] [18] [19] but although highly sensitive, it is inconvenient in that it requires special equipment, a luminometer, to monitor the reactions. A fluorometric assay utilizing scopoletin has also been used to measure H 2 O 2 . 20) Although the detection of fluorescence is generally specific and sensitive, scopoletin has a low extinction coefficient, resulting in relatively low sensitivity. 21) In addition, scopoletin is often synthesized endogenously during defense responses in plants, which can make the measurements inaccurate.
22) The colorimetric method using phenol red as an indicator dye for H 2 O 2 has the advantage that a conventional spectrophotometer can be used for the measurement, 23) 24) The elicitor activity of flagellin-derived peptides was evaluated with this assay method using tobacco cells and compared with extracellular alkalinization-inducing activity. Furthermore, the H 2 O 2 -generating activity of several flagellin-derived peptide analogs was measured and the relationship between structure and elicitor activity in tobacco was investigated.
Materials and Methods

Chemicals. N-(Carboxymethylaminocarbonyl)-4,4
0 -bis(dimethylamino)-diphenylamine sodium salt (DA-64) and horseradish peroxidase (HRP, 254 units/mg) were obtained from Wako Pure Chemical (Osaka, Japan). NovaSyn Ò TGA resin was obtained from NovaBiochem (San Diego, CA). All other chemicals were commercially available.
Plant cell culture. Tobacco suspension-cultured cells (Nicotiana tabacum cv Xanthi) were kindly provided by Professor Fumihiko Sato of Kyoto University. The cells were grown at 25 C under continuous illumination on a rotary shaker (100 rpm) in LS medium (pH 5.8) supplemented with 10 mM 1-naphthalenacetic acid, 1 mM 5-benzyladenine, and 3% sucrose. They were subcultured every two weeks and used for assays 8-10 d after subculture.
Synthesis of flagellin-derived peptide analogs. Flagellin-derived peptide analogs were synthesized using the solid-phase Fmoc peptide synthesis method. NovaSyn Ò TGA resin was used. The C-terminal amino acid was attached to the resin by the symmetrical anhydride method catalyzed by 4-dimethylaminopyridine (DMAP). Symmetrical anhydrides of the Fmocprotected amino acid were prepared in a reaction with 0.5 eq of a diisopropylcarbodiimide (DIC) in anhydrous dichloromethane. The symmetrical anhydrides (5 eq) and DMAP (0.1 eq) in anhydrous N,N-dimethylformamide (DMF) were added to the resin and incubated for 1 h at room temperature. After the resin was washed with DMF, the Fmoc group of the amino acid attached to the resin was deprotected with 20% piperidine in DMF. Fmoc-protected amino acids (3 eq), DIC (3 eq), and 1-hydroxybenzotriazole (3 eq) in DMF were added to the resin, and the reaction mixture was incubated for 1.5 h at room temperature. Completion of the reaction was checked by the Kaiser test. 25) This deprotection/ coupling cycle was repeated until the coupling of all residues was finished. Removal of side-chain protecting groups and cleavage of the peptide from the resin was carried out with trifluoroacetic acid (TFA)/triisopropylsilane/water [95/2.5/2.5 (v/v)] for 2 h at room temperature. After the resin was filtered off, cold diethyl ether was added to the filtrate to precipitate the cleaved peptides. The precipitated peptides were washed with cold diethyl ether twice and dried in vacuo. The crude peptides were purified by preparative PR-HPLC (Cosmosil 5C18-AR-II 20 Â 250 mm, Nacalai Tesque, Kyoto, Japan) using a linear gradient of CH 3 CN in H 2 O containing 0.1% TFA, and lyophilized. Electrospray ionization quadrupole mass spectrometry (ESI-MS, LCMS-2010, Shimadzu, Kyoto, Japan) was employed to confirm the molecular weight of the desired products.
Measurement of the activity of elicitors in inducing the generation of H 2 O 2 using DA-64. Tobacco suspension-cultured cells were collected by filtration through Miracloth (Calbiochem, San Diego, CA). These cells (0.2 g fresh weight) were resuspended in 1 ml of assay buffer (175 mM mannitol, 0.5 mM CaCl 2 , 0.5 mM K 2 SO 4 , and 2.0 mM MES, pH 5.75) in a microfuge tube and incubated for 1 h at 25 C using a tube rotator (Biospin MBS-1, Tokyo Rikakikai, Tokyo). Ten microliters of sample solution in assay buffer containing 0.1% BSA was added to the cells and the mixture was incubated for 14 min at 25 C using the tube rotator. The cell suspension was then left to stand for 1 min to allow the cells to sediment. From the upper portion of the cell suspension, 60 ml of assay buffer was removed and mixed with 140 ml of a DA-64 solution (100 mM) containing 1 unit/ml HRP and 100 mM PIPES, pH 7.0 in a 96-well microplate. After incubation for 10 min at 37 C, the absorbance at 727 nm (Abs sample ) was measured with a microplate reader (Benchmark, Bio-Rad Laboratories, Hercules, CA). As positive and negative controls, an flg15 solution (final concentration,10 mM, Abs flg15 ) or assay buffer containing 0.1% BSA (Abs BSA ) respectively was added to the cells instead of the sample solution. H 2 O 2 generation ratios were calculated according to the following equation:
H 2 O 2 generation ratios were measured at a series of concentrations of samples diluted in the assay buffer containing 0.1% BSA. Concentrations at which the ratio becomes 50% (EC 50 ) were calculated for each analog with the statistical software package PRISM (GraphPad Software, San Diego, CA), and used as an index of activity. Each experiment was carried out in triplicate, and repeated at least three times.
Measurement of the activity of elicitors in inducing extracellular alkalinization. Tobacco suspension-cultured cells were collected by filtration through Mira-cloth. These cells (0.2 g fresh weight) were resuspended in 1 ml of assay buffer in a microfuge tube and incubated for 1 h at 25 C using the tube rotator. Immediately after the addition of 10 ml of sample solution, extracellular pH was measured with a micro pH electrode (F-22 II Bio, HORIBA, Kyoto, Japan) to obtain an initial pH value (pH 0 ). After the cells were incubated for 30 min at 25 C using the tube rotator, the extracellular pH (pH 30 ) was measured again, and the increase in pH (ÁpH sample ¼ pH 30 À pH 0 ) was obtained. As positive and negative controls, an flg15 solution (final concentration, 10 mM) or assay buffer containing 0.1% BSA respectively was added to the cells instead of the sample solution (ÁpH flg15 , ÁpH BSA ). Alkalinization ratios were calculated according to the following equation:
Alkalinization ratios were measured at a series of concentrations of samples, and EC 50 values were calculated for each analog with PRISM and used as an index of activity. Each experiment was carried out in triplicate, and repeated at least twice.
Results and Discussion
Quantitative determination of H 2 O 2 using DA-64 as an indicator dye
In this study, we first set about establishing a colorimetric assay for the detection of H 2 O 2 generated in tobacco cells during defense responses using DA-64 as an indicator dye. In the presence of peroxidase, DA-64 was oxidized by H 2 O 2 and quantitatively converted to a highly chromogenic compound, Bindschedler's Green, which has an absorption maximum at 727 nm. Due to the high molar extinction coefficient of this oxidized compound, DA-64 is highly sensitive for the detection of H 2 O 2 . 24) To examine the sensitivity and linearity of the quantitative determination of H 2 O 2 using DA-64, a calibration curve was constructed. As shown in Fig. 1 7) was used as an elicitor in this study. The amount of H 2 O 2 generated in response to flg15 was monitored over 60 min using DA-64. As shown in Fig. 2 Cells were treated with 10 mM flg15 ( ), 50 nM flg15 ( ), and a control ( ). Data points are the mean AE SD of triplicate measurements. For some data points, error bars are too small to be visible.
after the addition of flg15 (10 mM) and reached a maximum at 10-15 min after the treatment. The concentration of H 2 O 2 was then constant for 10 min before decreasing to near basal levels at 60 min post-treatment. The time course of the generation of H 2 O 2 induced by elicitor treatment was consistent with that observed in previous reports. 7, 26) Although the amount of H 2 O 2 produced decreased when a lower concentration of flg15 (50 nM) was used, the time at which a maximum response was obtained after elicitor treatment was unchanged (10-20 min) as compared to treatment with flg15 at 10 mM. From these results, it was concluded that measuring the amount of H 2 O 2 at 15 min after elicitor treatment was appropriate to evaluate the relationship between the concentration of elicitor and the amount of H 2 O 2 generated in a quantitative and reproducible manner.
Next we measured the amount of H 2 O 2 generated by treatment with a series of concentrations of flg15 after 15 min as determined above. The amount increased along with the concentration of flg15, as shown in Fig. 3 . The EC 50 value of flg15 for generation of H 2 O 2 was calculated to be 87 AE 30 nM. Because a maximum amount of H 2 O 2 was generated with flg15 at 10 mM, this concentration was used as a positive control to evaluate the H 2 O 2 -generating activity of elicitor analogs.
Relationship between H 2 O 2 generating-and extracellular alkalinization-inducing activity of flagellinderived peptide analogs
To investigate the structure-activity relationships of flagellin-derived peptides, various analogs were synthesized, and their activity in inducing the generation of H 2 O 2 was measured using the method described above. The amino acid sequences and the H 2 O 2 -generating activity of the analogs are listed in Table 1 . In this study, we also measured the extracellular alkalinization-inducing activity of some flagellin-derived peptide analogs to compare it with the H 2 O 2 -generating activity. Extracellular alkalinization is one of the earliest plant defense responses, and has often been used as an index of elicitor activity. As shown in Table 1 , an excellent correlation was observed between the activity generating H 2 O 2 and that inducing extracellular alkalinization. Although the physiological relevance of extracellular alkalinization to the generation of H 2 O 2 is not fully understood, it has been suggested that elicitor-induced extracellular alkalinization is due mostly to the consumption of H þ during the catalytic dismutation of superoxide to H 2 O 2 .
27) The result obtained in this study strongly suggests a close relationship between these two early defense responses induced by treatment with flagellin-derived peptides. These results also indicate that to measure the activity inducing generation of H 2 O 2 , the method developed in this study is both valid and reliable.
Structure-activity relationship study of flagellin-derived peptide analogs
To date, the structure-activity relationships of flagellin-derived peptides have been reported only for tomato and A. thaliana using extracellular alkalinization as an indication of defense responses. 7, 9) Little is known about the relationship between structure and elicitor activity in other plants. Hence we investigated structural features of flagellin-derived peptides important for elicitor activity in tobacco, using the H 2 O 2 assay developed in this study. First, the effect of extension and truncation of the N-terminal sequence of flg15 on the activity was examined. When sequences were extended one by one at the N-terminal end of flg15 (i.e., flg16-flg22), activity gradually increased by 2-9 fold for each extension until six residues were added, resulting in a 2,000-fold increase in the activity of flg21 over that of flg15. A relatively large increase (9-fold) in activity was observed when Ser and Arg residues were added to the N-terminal ends of flg15 and flg20 respectively. Flg22 showed almost the same level of activity as flg21, so the addition of a Gln residue to the N-terminal end of flg21 had little effect on activity. A considerable difference in activity between flg15 and flg22 was also observed in A. thaliana, in which flg22 was 100-fold more active than flg15, but not in tomato. 7) These results suggest that the extended N-terminal part of flg22 (RLSTGS) is important for the interaction of the receptor in tobacco, although some individual residues such as Arg and Ser might also contribute to the activity by interacting with the receptor. Because the N-terminal sequence (QRLST) of flg22 has been found to be involved in the -helix in the three-dimensional structure of flagellin, 28) the N-terminal part might contribute to stabilization of the secondary structure of the peptide so that the conformation can be fixed for better interaction with the receptor. On the other hand, truncation of the N-terminal sequence of flg15 to flg14, flg13, and flg12 reduced activity more drastically than did truncation of the N-terminal part of flg22, but activity was retained even in the case of flg12. Further truncation to flg7 resulted in a loss of measurable activity. These results are consistent with previous reports using tomato and A. thaliana, in which the N-terminal portion of flg15 was shown to be particularly important for binding to the receptor. 7, 9) Next, the effect of modification of the C-terminal sequence of flg15 on activity was examined. The addition of five residues (ANRLTS), according to the sequence of flagellin in Pseudomonas aeruginosa, to the C-terminal end of flg15 had no effect on activity, suggesting that these additional C-terminal amino acids were not associated with the interaction with the receptor. On the other hand, when residues were trimmed from the C-terminal sequence of flg15 to give flg15-Á1, flg15-Á2, and flg15-Á3, activity was markedly decreased. Although flg15-Á1 and flg15-Á2 appeared almost the same in terms of EC 50 values, the maximum response for flg15-Á2 was significantly smaller, as was previously observed in tomato. 7) Flg15-Á3 exhibited much weaker activity than flg15-Á2, and no EC 50 value could be obtained. The addition of seven residues to the N-terminal end of flg15-Á3 (i.e., flg22-Á3) failed to increase activity. These results indicate that the C-terminal residues of flg15 are essential for agonistic activity, as suggested before. 7, 9) An address-message concept has been proposed for receptor activation by flg15, in which binding of the N-terminal portion (the ''address'') is the first step and activation of responses with the C-terminal portion (the ''message'') is the second step. 29) This concept was supported by the finding that flg15-Á7, which lacks the C-terminal message portion, has no agonistic activity but acts as a competitive antagonist of flg15 in tomato. By contrast, however, flg15-Á7 showed significant agonistic activity in the present study using tobacco, although the maximum response was 64% of that of flg15 (Fig. 4) . This partial agonistic activity was diminished when seven residues were added to the N-terminal end of flg15-Á7 (i.e., flg22-Á7): flg22-Á7 acted only as a competitive antagonist (data not shown). This is somewhat inexplicable, since the affinity of the N-terminal address portion of flg15-Á7 for the receptor should be much lower than that of flg22-Á7, as indicated by the difference in activity between flg15 and flg22. The mode of binding might differ between flg15-Á7 and flg15. It should be noted, however, that the activity of flg15-Á7 was significantly inhibited by flg22-Á7 (Fig. 5) , suggesting that flg15-Á7 binds to the same site of the receptor as flg15. Although the detailed mechanism of receptor activation by flg15-Á7 is not clear, some residues in flg15-Á7 might play both the ''message'' and the ''address'' roles.
In conclusion, we developed an improved colorimetric assay to evaluate the activity of elicitors in inducing the generation of H 2 O 2 . Detection of H 2 O 2 by DA-64 is achieved by conventional spectrometers in a highly sensitive and quantitative manner. Using this method, we successfully measured the elicitor activity of flagellin-derived peptides in tobacco, and identified the structural features of these peptides that are important for the activity. The results suggest that the structural factors required for expression of elicitor activity are slightly different among plant species. The efficient and sensitive assay method developed in this study should be useful not only in measuring elicitor activity in structure-activity studies, but also in the screening of novel compounds that can induce defense responses. Flg15-Á7 and flg22-Á7 were treated at the same time for the inhibition assay. Data points are the mean AE SD of triplicate measurements.
